While there has been wide general acceptance of Doppler methods that use the simplified Bernoulli relationship to estimate pressure gradients across stenotic orifices, there is still ongoing controversy related to potential sources of error in the method. In this study we tested accuracy of ultrasound Doppler measurements of flow velocity when compared with the gold standard of laser light Doppler anemometry in a pulsatile flow model of pulmonic stenosis in vitro. We tested two commercially available Doppler systems and examined steered and nonsteered, parallel, and off-axis and anglecorrected velocity determinations using continuous-wave and high-pulse repetition frequency (HPRF) methods. We also examined the potential range of error in the simplified Bernoulli method. One hundred and twenty individual flow states were examined with three stenotic valve orifices (3.0, 1.0, and 0.5 cm2 flow area) to measure velocities up to 620 cm/sec. A very high correlation coefficient was obtained for the comparison of laser Doppler anemometric and ultrasound velocity recordings by the nonsteered continuous-wave technique (r = .99, SEE = 17.9 cm/sec), but there was a tendency for underestimation of higher velocities when the transducer was positioned at 30 degrees and the ultrasound beam was steered so as to be parallel to the visualized flow jet (r = .98, SEE = 29.6 cm/sec).
QUANTITATIVE pulsed and continuous-wave (CW) ultrasound Doppler methods have rapidly become important adjuncts to the two-dimensional echocardiographic examination because of their capabilities for estimating cardiac flows and gradients across obstructive lesions. With recent advances in Doppler technology, high velocities in the circulatory system can now be measured with the use of new steerable high-pulse repetition frequency (adaptive) (HPRF) and CW Doppler devices. However, controversies have arisen regarding the relative accuracy of these various tech-nologies for the measurement of blood flow velocities. Although multiple studies have been published validating various applied techniques for accomplishing these measurements in the clinical setting and in animal preparations,'12 none have reported a direct validation of the velocity readings obtained from the Doppler ultrasound instruments.
The purpose of the study was to compare flow velocities measured with the different ultrasound Doppler modalities on clinically available instruments to those measured simultaneously by laser Doppler anemometry in a pulsatile flow model of isolated pulmonic valve stenosis in vitro. In addition, the accuracy of the simplified Bernoulli equation for deriving the pressure difference across a discrete obstruction was explored in this optimized and highly controlled setting.
Materials and methods
Pulsatile flow apparatus. The pulsatile flow apparatus used was designed to duplicate the flow and the pressure waveforms CIRCULATION DIAGNOSTIC METHODS-ECHOCARDIOGRAPHY 13 . VPWC Air Reservoir observed on the right side of the human heart (figure 1). It consists of a physiologically shaped glass or Plexiglas model of the pulmonary artery (No. 4) into which one of three stenotic bioprosthetic valves is inserted, three electromagnetic flow probes (Carolina Medical model EP680) (No. 3), pressure taps (No. 1), two gate valves (No. 2), two pulmonic pressure wave control (PPWC) sections on both the right and left pulmonary arteries (No. 5), a PPWC air reservoir (No. 6), an atrial reservoir (No. 7), a straight valve section (No. 10), a right ventricular bulb (No. 11), a ventricular pressure wave control (VPWC) section (No. 12), a VPWC air reservoir (No. 13), an immersible centrifugal pump (Little Giant) (No. 8), and a plastic bucket (No. 9). The latter two items are only used for filling and emptying the pulse duplicator. A detailed description of the design and function of the pulse duplicator has been published elsewhere. 13
The right heart pulse duplicator was operated under the following physiologic conditions: (1) heart rate of 70 beats/min, (2) systolic time interval of 320 to 350 msec, (3) mean pulmonary arterial pressure of 15 to 30 mm Hg, and (4) cardiac outputs from 1.0 to 7.5 liters/min. An aqueous glycerine solution containing 2% (by volume) cornstarch particles (10 gm in diameter) was used as the blood analog fluid and adjusted to physiologic viscosity of 3.5 cp at 22°C.
Pressures distal to the "pulmonary" valve were monitored in each pulmonary branch via fluid-filled catheters (less than or equal to 5 cm in length) attached to Statham P231D pressure transducers. The pressure upstream from the valve was monitored via a wall pressure tap in the model to which a Statham transducer was directly attached. The pressure transducers were interfaced to Honeywell 218-I bridge amplifiers. The cardiac output in the model was monitored by a Carolina Medical model EP680 cannulating-type electromagnetic flowprobe and a model 501 flowmeter. The analog signals from the Honeywell bridge amplifiers and the electromagnetic flowmeter were fed to an analog-to-digital converter that was interfaced to an Apple II Plus microprocessor for on-line data collection and analysis. 14 Vol. 73, No. 2, February 1986 Therefore, it was possible to obtain pressure and flow information in real time, beat to beat. The pressure and flow waveforms were also monitored on a Tektronix (T912) dual-beam storage oscilloscope.
A photograph of the pulmonary arterial model demonstrating the jet created downstream from the pulmonary valve is shown in figure 2. The dimensions and geometry of the pulmonary arterial model were obtained from measurements of angiograms of patients with isolated valve pulmonic stenosis and from cadaver hearts of adult patients.
Three bioprosthetic pericardial trileaflet valves (25 mm) were used to duplicate degrees of valvular pulmonic stenosis. The valves were made stenotic by sewing the commissures with thin black polyester thread. Two 25 mm pericardial valves were sewn in this manner to represent moderate and severe stenosis in adults (1.0 and 0.5 cm2 flow areas, respectively). A nonsutured 25 mm pericardial valve was used to represent mild stenosis (3.0 cm2 area).
Laser Doppler anemometer. A three-beam (i.e., two-dimensional) Helium-Neon DISA 55X modular laser Doppler anemometric (LDA) system (DISA Electronics, Franklin' Lakes, NJ) was used to map the velocity fields in the main, left, and right branches of the pulmonary arterial model. The theory and operation of the LDA system is described in detail elsewhere'5' 16; it has a measuring volume length of 0.3 mm.
Width and azimuth of the sample volume are 0.012 mm and the system incorporates a Bragg cell unit for detecting both forward and reverse velocities. It can be used to measure velocities in the range of -20 to + 20 m/sec and can also map the intensities of turbulence in the pulmonary arterial model. The Doppler frequency shifts of the LDA system were processed by two digital frequency counters that were interfaced to a PDP 11/03 minicomputer for on-line data collection and analysis. The optical portion of the LDA system was mounted on a traversing mechanism that could be moved in three independent directions to within an accuracy of 0.001 inches. Therefore, it was possible to obtain velocity profiles (i.e., velocity mapping) in different FIGURE 2. Visualization of a jet formed downstream from a stenotic bioprosthetic valve as visualized with 2% cornstarch particle solution in the blown-glass pulmonary arterial section of the model. The shape of the pulmonary artery is specifically designed to mimic patterrns of poststenotic dilatation seen in patients with pulimionic valve stenosis. A 1 eni calibration is shown to show the size of this section of the model. Mild stenosis is shown in tlhe top panel; niore severc stenosis in the bortomo panel. The jet in the bottom panel is narrower and surrounded by rmore tuirbulence. parts of the pulmonary arterial model. For purposes of comparison to the ultrasound Doppler recordings, the peak velocitie's were mapped with the LDA system in the center of the stream within 5 mm of the fully open pulmonic valve leaflets. The use of the LDA system in studying velocity and turbulence fields in vitro in models of the cardiovascular system has proven to be valuable in characterizing flow through prosthetic valves. -i Ultrasound Doppler methodology. IFwo Doppler ultrasound units were used for the study. The first was a dualfrequency 3.5 MHz imaging, 2.0 MHz Doppler phased-array unit with capability for pulsed and CW Doppler interrogation along the centerline ot the sector raster but without capabilities for steering of the sampling direction (Irex Exemplar). In CW mode, velocities could be resolved up to 8 m/see. Doppler outputs were available as an audio signal, a spectral display derived from a Chirp Z algorithm, and an analog display of the maximnal and mean velocities: for the purposes of this study, the maximal velocities were measured from the spectral display only. 302 The second ultrasound scanner used was a phased-array unit that imaged and sampled for Doppler signals at 2.25, 3.5, or 5.0 MHz (General Electric PASS). Doppler interrogation could be performed in three modes: steerable pulsed, steerable HPRF, and steerable CW. Both the HPRF and the CW modes had selectable range bias that used beam-forming techniques to emphasize information from specified depths. Outputs in this unit were available as audio signals and through fast-Fourier transform spectral analysis.
Simultaneous measurements of pressure in the right ventricular chamber and the pulmonary arterial branches were obtained along with the LDA velocities for each ultrasound Doppler determination. The Doppler sampling line was adjusted as in clinical studies with the use of both the audio and the spectral outputs until curves with clearly defined peak velocity enve lopes were obtained. The ultrasound Doppler velocity information was recorded on a strip chart as well as in real time on videotape. The maximal instantaneous ultrasound velocitites were measured from the maximal frequency shift obtained on the spectral display of at least six consecutive cycles.
Studies using the nonsteerable CW Doppler technique. In these sets of studies, only the Irex system was used with the transducer positioned at the bifurcation of the pulmonary artery coupled with contact gel and held in place by a ring clamp aiming directly down the barrel of the visualized jet (figure 2).
In these sets of experiments no angle corrections were applied since the ultrasound beam was aimed parallel to the jet emerging from the pulmonic valve. Both the ultrasound and the simultaneous LDA velocities obtained in this series of experiments were converted to gradients with the use of the simplified Bernoulli equation: Gradient 4 x maximum instantaneous velocit) Studies using the steerable HPRF and CW Doppler techniques. Three protocols were used with the General Electric steerable system and each was duplicated in the HPRF and CW modes at all three available transducer frequencies (2.25, 3.5, and 5.0 MHz).
In the first set of experimnents, the transducers were held at the bifurcation of the pulmonary artery and aimed directly at the jet in a manner Identical to the technique described above for the Irex system. No angle corrections were applied to these results.
In the second set of experiments, the transducers were held at angles of 15 and 30 degrees from the visualized jet and the Doppler sampling line was steered so that the velocities were interrogated at 0 degrees to flow.
In the third set of experimnents, the transducers were again held at 15 and 30 degrees to the visualized jet and flow was interrogated along the centerline so that the velocities were sampled at 1 5 or 30 degrees from the visualized direction of the jet. The resulting velocities were mathematically angle corrected based on the Doppler equation by dividing the obtained raw velocity result by the cosine of the approplriate angle as follows:
Flow velocities frequency shift x velocity of sound in the medium 2 x transmitted frequency x cos 0
Statistical analysis. All readings of the ultrasound peak instantaneous velocity were made by two independent investigators who were unaware of each others results, of the simultaneous LDA instantaneous velocities, and of the catheter gradients. The ultrasound peak instantaneous velocities were compared with the corresponding LDA values by the least squares regression method. The LDA instantaneous maximal velocities obtained from the studies using the trex system were CIRCULATION DIAGNOSTIC METHODS-ECHOCARDIOGRAPHY along with nonsteered Chirp Z spectral ultrasound velocity waveforms for a moderate degree of stenosis (bottom). B, Similar display with the "RV" and "PA" pressure waveforms, the flowmeter waveforms, and the fast-Fourier transform waveforms from CW and HPRF ultrasound velocity measurements of a severe stenosis obtained with the General Electric system. also converted to instantaneous gradient estimates with the use of the simplified Bernoulli equation (see above) and compared with the actual instantaneous pressure gradients, also by the least squares regression method. lntraobserver and interobserver variabilities were analyzed by the paired t test.
Results
Results with the nonsteerable CW Doppler technique.
Twenty-eight individual gradients between 0 and 1 1 6
Vol. 73, No. 2, February 1986 mm Hg corresponding to LDA velocities of 63 to 540 cm/sec were studied with the Irex system. Sample tracings of the flowmeter output, pressure curves, and CW Doppler spectra are shown in figure 3 , A. The correlation between the simultaneously measured laser and CW Doppler velocities resulted in a straight line with a slope close to unity (r-.99, SEE = ± 18 cmlsec; figure 4, A) . The linear correlation between LDA instantaneous peak velocities converted to estimated instantaneous gradients (by the modified Bernoulli equation) and the actual instantaneous peak gradients had a 95% confidence limit of + 8.4 mm Hg (figure 4, B) .
Results with the steerable CW and HPRF Doppler techniques. Ninety-two separate flow sets were studied with 304 the General Electric system in steered and unsteered HPRF or CW format at the three available transducer frequencies. Figure 3 , B shows a representation of traces obtained with this system. The results obtained with the three different frequency transducers were statistically indentical and were therefore averaged for purposes of the regression analysis.
Results with a steered Doppler sampling line. Thirty-three velocities ranging from 75 to 620 cm/sec by laser Doppler anemometry were studied in steered CW mode. Eleven velocities each were obtained with 0, 15, and 30 degree steered CW beams.
The regression of the CW velocities and the simultaneous LDA velocities is shown on figure 5 , A. The 0 and 15 degree steered data were statistically identical and therefore were joined in one regression that resulted in a straight line close to the line of identity (r -.99, SEE = 14.7 cm/sec). The regression relationship for the LDA velocities and the CW data steered 30 degrees to be parallel to the direction of flow also correlated highly, but there was evidence of slight underestimation by the ultrasound of approximately 10% at the highest laser velocities, as shown by the slope of that line being slightly more than unity (r .98, SEE 29.6 cm/sec). Twenty-six velocities ranging from 75 to 500 cm/sec by laser Doppler anemometry were studied in the HPRF format. Nine were recorded at 0 degrees, nine at 15 degrees, and eight at 30 degrees steered from the midline of the sector but parallel to flow. These results are summarized on figure 5 , B. No statistical difference was demonstrated among the data obtained at 0, 15, or 30 degrees; they were therefore joined to form one regression line. The resulting relationship was highly accurate without evidence of substantial over-or underestimation of actual velocities.
Results with angle correction for velocities deliberately obtained off-axis to flow. Twenty-four velocities ranging from 75 to 620 cm/sec by laser Doppler anemometry were analyzed in the CW mode with the Doppler sampling line steered at either 15 (n = 12) or 30 degrees (n = 12) off-axis to the jet direction. The ultrasound velocities corrected for the incident angle by the basic Doppler equation (see Methods) correlated highly with, but slightly underestimated, the LDA velocities ( figure 6, A) .
Nine velocities ranging from 75 to 275 cm/sec by laser Doppler anemometry were studied at either 15 (n -5) or 30 degrees (n = 4) off-axis to the visualized direction of the jet in the HPRF format. Although only nine data points were obtained, results also correlated highly with those by laser Doppler anemometry and Intraobserver and interobserver variability. The paired t test comparing interobserver and intraobserver variability showed no statistical differences in the paired data points. The overall variability was less than 5%.
Discussion
We have demonstrated in this study that HPRF and CW ultrasound Doppler velocimetry accurately deter-mined peak instantaneous flow velocities across a wide range of flow states produced with discretely stenotic orifices. Furthermore, we have also shown that as long as an angle of incidence of up to 30 degrees between the direction of flow and the direction of the ultrasound beam can be accurately determined in two dimensions, the Doppler sampling line can either be steered to be parallel to the jet, or if not, the velocities can be mathematically corrected for the cosine of the angle of obliquity with a good degree of accuracy. The pulsatile flow apparatus used in the study contained several controls that permitted fairly accurate duplication of the flow mechanics on the right side of the human heart. Notably, they provided flexibility for sensitive adjustment of upstream and downstream resistances and permitted highly repeatable settings so that several ultrasound Doppler interrogation protocols could be studied at identical flow conditions. Most of the mechanical flow simulators used in vitro for testing ultrasound Doppler phenomena have been steady flow devices or simple models that do not adequately reflect the dynamic nature of cardiac flows.20 As can be seen by the "right ventricular" and "pulmonary branch" pressure traces in figure 3 , the pulsatile nature of this device closely mimicks the pressure output in the human heart.
Bioprosthetic pericardial trileaflet valves were chosen for use in this study because once sutured at the commissures to reduce the effective flow area, their performance parallels that of stenotic pulmonic valves by ballooning outward and having a relatively symmetrical opening often seen in angiograms of patients with isolated valve pulmonic stenosis.
The backscattering of ultrasound by blood is a complex phenomena. The use of 2% cornstarch solution for the backscattering medium was necessary because of the need for a clear fluid when laser Doppler anemometry is used. The solution was adjusted with glycerine to a physiologic viscosity; however, it has yet to be proven whether cornstarch particles in glycerine behave as red cells do in the human blood stream. Preliminary studies presently being conducted in our laboratories comparing 2% cornstarch and up to 50% solutions of glutaraldehyde-fixed red blood cells circulating in the pulsatile flow system have not demonstrated any differences in the resulting velocities. It also appears from previous work done by other investigators that glutaraldehyde-fixed red blood cells are the closest long-lasting and reusable analog to red blood cells in vivo presently available to us for work in vitro. 21 The most widely accepted application of Doppler technology to the clinical setting has been for the prediction of gradients by converting the peak instantaneous velocity to millimeters of mercury through a simplification of the Bernoulli equation. Our results have demonstrated that for simple valve stenoses, this simplified Bernoulli equation predicts the pressure gradient with a theoretical accuracy of + 8.4 mm Hg. Possible explanations for this relatively wide scatter are that in the simplification of a longer Bernoulli equation, the terms for flow acceleration (i.e., inertial pressure drop) and for viscous friction are ignored. As flow increases, the flow acceleration component of the equation would tend to increase in magnitude and this could introduce errors, particularly at the higher gradients. An additional possible explanation may lie within measurement errors. The velocity scales of most hard copy Doppler spectral outputs are selectively compressed as the velocities increase to fit the size of the paper. As such, errors in distance measurements in these compressed scales result in larger velocity errors that are in turn further magnified when these velocities are squared within the Bernoulli equation. Further considerations include the effect of irregular or dual orifices on the Bernoulli equation. Although in this study we analyzed only symmetrically stenosed single orifice valves, recent work by Teirstein et al.22 suggests that the Bernoulli equation measures the pressure drops across more complex flow systems accurately.
It is evident that this model in some respects represents "best case" accuracy for simultaneous velocity and pressure measurements with excellent signal-tonoise ratios and accurately judged spatial orientation of the visualized jet. As these techniques are applied to the clinical setting, additional sources of error will occur and a wider 95% confidence limit is to be expected. In the usual two-dimensional echocardiographic Doppler clinical study, the Doppler velocity is maximized with the aid of the audio signal and small positional changes and transducer angulations. When the maximal velocity and cleanest signal are achieved, these are usually considered to have been obtained at a 0 degree angle of incidence to flow. Sometimes, however, this location is seen to be at a significant angle to the parallel walls of a great vessel or the orifice of an atrioventricular valve and the question then arises as to the appropriateness of angle correction. In other instances, the ultrasound beam may completely miss the location at which the highest velocity occurs, thereby resulting in underestimation without the knowledge of the examiner. Finally, studies in vitro have shown that pressure gradient measurements in the pulmonary artery can vary by as much as 10 mm Hg, depending on the positioning of the fluid-filled catheters. 13 Although in this study in vitro we were able to control this variable by using fixed catheter positions once the gradient was maximized, this problem may serve as an additional source of error in clinical comparison studies.
Despite these potential problems a variety of clinical 306 CIRCULATION DIAGNOSTIC METHODS-ECHOCARDIOGRAPHY studies have demonstrated very good correlation between the gradients obtained at cardiac catheterization and the simultaneous gradient calculated from the Doppler velocity data, particularly with CW techniques. More limited success, however, has been reported with the use of HPRF Doppler techniques in the clinical setting in adults. We previously reported our preliminary results on simultaneous measurement of gradients across the pulmonic valve (n = 12) and the aortic valve (n = 8) using HPRF and CW Doppler methods just before cardiac catheterization in children. 23 The CW results demonstrated excellent predictability, with a tendency for slight overestimation of the gradient at the higher velocities (r = .96, SEE = ± 10.9 mm Hg; yl.15x -2.37). On the other hand, the HPRF results, although also highly correlated with the actual pressure gradient, nonetheless generally underestimated the gradient, implying that the area of the peak instantaneous velocity was actually missed with this technique (r = .90, SEE = 10.5 mm Hg; y = 0.69x + 8.9). These results in children generally agree with those reported in adults,24 although our results were more accurate, mostly due to the better signal-to-noise ratio usually found in pediatric studies. Another possible reason why CW data seems to be more accurate than that obtained with the HPRF technique is that with the CW method a larger axial and radial jet area ia sampled over a longer period of time, with resultant higher accuracy for velocimetry. Nonetheless, in certain studies, particularly those in which mixed or sequential obstructive lesions are investigated, the HPRF mode may need to be used since it does retain capability for range gating and consequently some depth resolution.
In conclusion, our studies have shown that ultrasound Doppler velocities measured with nonsteerable CW and steerable CW and HPRF Doppler techniques are quite close to the center stream jet velocities as measured with laser Doppler anemometry. Consequently, the difficulties in the use of these methods clinically do not appear to stem from the velocimetry portion of the Doppler study if in fact the Doppler beam is passing through the stenotic jet at 0 or 180 degrees. The difficulties with clinical application stem from the inability to localize and sample the maximal instantaneous velocity without knowedge of the spatial orientation of the jet and from errors that may be inherent in the simplification of the Bernoulli equation.
